Introduction
Dopaminergic neurons in the ventral midbrain (mDA neurons) are the major source of dopamine in 27 the mammalian brain. Dysfunction in the dopaminergic system is associated with schizophrenia, 28 addiction and depression, and degeneration of mDA neurons in the substantia nigra pars com- at E15.5 showed that DAB1 was no longer expressed in the lateral TH + domain in Dab1 CKO mice, 90 while it was still present in a non-dopaminergic area lateral to the SN (Figure 1 Figure 4A ). With this system, SN-mDA neurons are preferentially labeled and more 154 than two-thirds of YFP-labeled neurons are TH + in the imaged regions at E13.5, and almost 90% are 155 TH + at E14.5 Bodea et al. (2014) . Henceforth, we refer to these YFP-labeled neurons as SN-mDA 156 neurons. 157 Ex vivo horizontal organotypic slice cultures of the ventral brain from E13.5 embryos with mo-158 saically labelled SN-mDA neurons were prepared for time-lapse imaging Bodea and Blaess (2012); 159 Bodea et al. (2014) (Figure 4B ). 2-photon excitation time-lapse microscopy allows 3D visualization of 160 dynamic changes in cell morphologies of migrating SN-mDA neurons. As the migratory modes and 161 associated changes in morphology of tangentially-migrating mDA neurons are unknown, we first 162 defined migratory behavior in SN-mDA neurons using a number of parameters in slices of control 163 mice and subsequently compared them with those of SN-mDA neurons in Dab 1−∕− slices. 164 To characterize the whole range of migratory behaviors within the time window of imaging, 165 we acquired 3D volume images of slices every 10 minutes, and tracked soma positions of a large 166 number of neurons (806 neurons from 3 control slices, 844 neurons from 3 Dab1 −∕− slices). We 167 then calculated speed and trajectory for each neuron's soma, at every time-point of imaging, based 168 on location differences in consecutive volume images ( Figure 4C infrequent, fast movements that are promoted by Reelin signaling 178 The role of Reelin signaling has been studied extensively in the cortex and hippocampus. 179 However, only few studies have examined Reelin function in regulating the speed of migrating 180 neurons. These studies have shown that the effect of Reelin varies depending on the brain region 181 and type of neuron analyzed Simó et al. (2010) ; Britto et al. (2013) , Britto et al. (2011) , Wang et al. 182 (2018) . We have previously demonstrated that inhibiting Reelin in ex vivo slices results in a decrease 183 in average speed of SN-mDA neurons over long periods of imaging Bodea et al. (2014) . In our 184 current analysis we found no significant difference in the distribution of average speeds of the 185 SN-mDA population in Dab1 −∕− slices compared to control slices ( Figure 5A ). However, distribution 186 of max-speeds was significantly shifted towards lower speeds in the absence of Reelin signaling Figure 5B ). 190 We then asked whether this shift towards lower max-speeds in Dab1 −∕− SN-mDA neurons was 191 accompanied by other changes in migratory behavior, or whether the neurons simply displayed 192 lower max-speeds while maintaining the same migratory, directional and morphological charac- Figure 5B ). Non-migratory cells failed to move more than 1.7 m in any two consecutive 202 frames of analysis and were not included into the further analysis. Thus, a lower percentage of 203 SN-mDA neurons reached moderate or fast migration speeds in Dab1-/-slices compared to controls, 204 increasing the proportion of both non-migratory and 'slow' cells. 205 Next, we asked how frequently migrating SN-mDA neurons moved with soma speeds comparable 206 to their max-speeds and whether the fraction of total time-points spent in high migratory speeds 207 was different in control and Dab1 −∕− populations. To evaluate this, we used the criteria previously 208 defined for max-speeds, but applied them to individual soma speeds for each cell at each time 209 point. For example, we analyzed the fraction of time (percentage of total time-points) spent by each 210 'fast' cell with a soma speed of more than 60 m/hr (fast migratory phase), 30-60 m/hr (moderate 211 migratory phase), 10-30 m/hr (slow migratory phase) and less than 10 m/hr (resting phase). In 212 control slices, 'fast', 'moderate' and 'slow' cells spent a predominant fraction of time at rest (62.6 213 +/-20%; 68.5 +/-18.2%, 85.7 +/-11.1%, respectively) and were frequently in a slow migratory phase 214 (26.8 +/-17.4%, 25.1 +/-16.3%, 14.2 +/-11.1%, respectively). 'Fast' and 'moderate' cells achieved the 215 moderate migratory phase in only a few frames (5.5 +/-5.5% and 6.3 +/-3.9, respectively), and the 216 fast migratory phase (only in 'fast' cells) was equally infrequent (5.5 +/-2.2%) ( slices (p = 0.0657, Mann-Whitney's test, n = 680 control, 639 Dab1 −∕− mDA neurons). (B) Dab1 −∕− mDA neurons have significantly lower max-speeds compared to controls (**** p< 0.0001, Mann-Whitney's test, n = 806 control, 844 Dab1 −∕− mDA neurons). Non-migratory (max-speed 0 -10 m/hr), slow (10 -30 m/hr), moderate (30 -60 m/hr) and fast cells (> 60 m/hr) are indicated by dark red, light red, yellow and light green colors respectively. (C,D) Total displacement (3D) of mDA neurons is significantly higher in moderate compared to slow mDA neurons, and highest in fast mDA neurons in both control (C) and Dab1 −∕− (D) brains. (E,F) Directionality (defined as ratio of total displacement to path length) in control and Dab1 −∕− slices is the least in slow, higher in moderate and the highest in fast mDA neurons. (C-F) * p < 0.05, ** p < 0.01, **** p < 0.0001, Kruskal-Wallis test; n = 680 control; n = 639 Dab1 −∕− cells, 3 slices/genotype. directed cell displacements 229 We next asked whether max-speeds and directionality of migration were linked. We computed 230 directionality as the ratio of total displacement (the 3D displacement between the initial and 
237
These data indicate that the infrequent moderate-to-fast movements in SN-mDA neurons result in 238 major contributions to the directed migration of these cells. Since Reelin signaling increases the 239 fraction of SN-mDA neurons that are able to undergo moderate-to-fast movements, Reelin supports 240 directed migration of mDA neurons on a population level.
241
Reelin promotes preference for laterally-directed migration in mDA neurons 242 As tangential migration ultimately results in SN-mDA migration away from the midline, we 243 analyzed the trajectories of migratory SN-mDA neurons in the presence and absence of Reelin 244 signaling. We determined the "trajectory angle" for each cell as the angle between the midline 245 (y-axis in live-images) and the cell's displacement vector ( Figure 6A ). Thus, a trajectory angle of 90 • 246 indicates a cell whose total movement is precisely aligned to the lateral axis (x-axis in live-images). 247 We defined a cell as migrating laterally if its trajectory angle was between 45 -135 • . We then 248 evaluated the angular mean and standard deviation ( ) for SN-mDA populations in control and 249 Dab1 −∕− slices Berens (2009) (see materials and methods for analysis of circular variables)( Figure 6B -D). 253 Next, to evaluate if 'fast', 'moderate' and 'slow' cell populations of control and Dab1 −∕− slices 254 showed differences in their preference for lateral migration, we analyzed their trajectories separately. 255 We found that trajectories of all three SN-mDA groups were anisotropic in controls, favoring 256 migration towards lateral directions, but this anisotropy was greater in 'fast' and 'moderate' cells 257 than in 'slow' cells ( Figure 7A ,D,G). Resolving this further into individual slow, moderate and fast 258 migratory phases in the migratory mDA population, we also found that individual moderate-to-fast 259 phases were more anisotropic than slow phases ( We studied the cell morphology of SN-mDA neurons (70 'fast', 40 'moderate' and 40 'slow' cells) 280 in control and in Dab1-/slices (49 'fast', 40 'moderate' and 40 'slow' cells) and examined whether 281 slow, moderate and fast migratory phases were associated with specific morphologies (for details 282 of morphological analysis see materials and methods). We defined three morphological categories: 283 a neuron was considered to be 'bipolar-unbranched' when a maximum of two processes arose 284 directly from the soma and the LP was unbranched. Bipolar cells that extended a branched LP 285 were defined as 'bipolar-branched'. Neurons with more than two processes arising from the soma 286 were defined as 'multipolar' (Figure 8A Dab1 −∕− population, while the population of bipolar neurons was decreased ( Figure 9A , Table 1 ). 309 Within the transitionary population, we found however no difference in the frequency of transitions At t = 0 min, the cell has a branched leading process (LP), the cell soma moves along the LP to reach the branch-point and takes up a multipolar morphology (t = 20 min). The cell remains multipolar until t =90 min, after which one process is retracted (t = 120min) and the cell resumes a bipolar morphology (t=150 min). Bipolar phase: one or two processes arise directly from the soma. Multipolar phase: more than two processes arise directly from the soma. (A,C) Colored circles: soma as defined by the tracking process. Scale bar: 25 m. (D) Soma speed for the neuron in (C) is higher during its bipolar phase. (E,F) Proportion of bipolar unbranched and branched morphology is significantly higher during fast and moderate phases of migration, while slow phase shows higher proportion of multipolar cells in both control (E) and Dab1 −∕− (F) mDA neurons (* p < 0.05, ** p < 0.005, *** p < 0.001, **** p < 0.0001; two-way ANOVA). (Figure 9 ). We then examined the 312 appearance and disappearance of processes both on the soma and the LP of transitionary neurons 313 (n = 64 in control, n = 70 in Dab1 −∕− ) in further detail ( Figure 9C; Figure 9 -Figure supplement 1) . 314 We found that these branch transition events were significantly more frequent in Dab1 −∕− SN-mDA 315 transitionary neurons ( Figure 9D To detect a potential misregulation of these downstream events in absence of Reelin signaling, 340 we performed immunoblotting on E14.5 embryonic ventral midbrain tissue for p-LIMK1/LIMK1 341 and p-Cofilin1/Cofilin1. We did not detect significant differences in protein levels or in relative 342 phosphorylation levels (Figure 10 and data not shown) . Hence, we conclude that the regulation of and in Dab1 CKO implies that Reelin signaling has a direct effect on migrating SN-mDA neurons. 379 We also confirmed that the GIRK2-expressing mDA population, which consists of lateral VTA-and of tangential neuronal migration in the brain.
Reelin protein is localized in the lateral ventral midbrain 389 In the ventral midbrain, Reelin mRNA is restricted to the cells of the red nucleus at E13.5 390 and E14.5 Bodea et al. (2014) (Figure 2 ). Using immunostaining, we show that Reelin protein is 391 distributed much more broadly at these stages. Strong labeling is seen in regions lateral to the 392 migrating SN-mDA, while weaker staining is observed in the area where SN-mDA neurons are 393 localized. Thus, the Reelin protein distribution that we describe here is consistent with a direct 394 role of Reelin in regulating SN-mDA migration. Whether the red nucleus is the only source for 395 Reelin in the ventral midbrain or whether there are additional sources remains to be investigated. 396 Mouse mutants in which the RN is only partially formed do not show any obvious displacement of conclusion, Reelin appears to be a crucial factor in enabling SN-mDA neurons to initiate directed 454 migration rather than a factor that guides SN-mDA neurons in a particular direction.
455
Reelin signaling promotes stable morphologies in SN-mDA neurons 456 We show that moderate and fast movements of mDA neurons are strongly associated with bipo-457 lar morphologies both in control and Dab1 −∕− slices. Bipolarity is still predominant in slow phases, 458 but about a third of the slow phases are associated with a multipolar morphology. In control slices, 459 more than half of mDA neurons maintain a bipolar morphology throughout the imaging period, 460 while about 40% transition between multipolar and bipolar morphologies. Only a small subset of 461 cells (about 10%) stays multipolar at all time points. In absence of Reelin signaling, the percentage 462 of transitionary cells is significantly increased, and the proportion of stable bipolar cells is decreased. 463 Interestingly, the increase in the proportion of transitionary cells in Dab1 −∕− slices is particularly 464 pronounced in the cell population that does not reach moderate-to-fast migration speeds and that 465 is significantly more isotropic (data not shown) suggesting a correlation between loss of anisotropy 466 in these cells and increased transitioning between bipolar and multipolar morphology. In tran-467 sitionary cells of Dab1 −∕− slices, there is a significant increase in branch transitions at the soma 468 and LP, a sign of decreased branch stability. Moreover, the length of the LP is significantly more 469 variable in Dab1 −∕− than in control neurons. Thus, Reelin signaling appears to promote stability of 470 morphologies once they have been adopted at specific phases of migration in mDA neurons. 471 In cortical neurons, Reelin appears to have multiple effects on cell morphology. In dissociated Inc.). 559 For the detection of SOX6, antigen retrieval was carried out in 0.1M EDTA for 30 min at 65 • C 560 before blocking, and Cy3-Streptavidin amplification was used with biotinylated donkey anti-rabbit 561 antibody. To improve detection of DAB1 with rabbit anti-DAB1 antibody in E15.5 embryonic sections, 562 a tyramide signal amplification (TSA) was carried out with the TSA kit (Perkin Elmer) as follows: 563 Sections were blocked in the TSA kit blocking solution for 1 h followed by incubation with rabbit 564 anti-DAB1 antibody (1:5000, Howell et al. (1997) ) in 0.1% TBST (Tris buffered saline with 0.1% Triton) 565 overnight at 4 • C. After a washing step in TBST, sections were incubated for 2 h at RT with biotinylated 566 donkey anti-rabbit in TBST, followed by another washing step and incubation with HRP conjugated 567 Streptavidin (1: 1000) in TBST for 1 h at RT. Sections were again washed with TBST and incubated for 568 10 min with TSA detection reagent. After additional washing steps in TBST and 0.1% PBT sections 569 were co-stained for TH following the standard immunostaining protocol. A complete list of primary 570 and secondary antibodies is presented in Table 2 . were stitched with Zen blue software (Zeiss, 2012 Organotypic slice culture and time lapse imaging 620 Organotypic slice cultures were generated as previously described Bodea and Blaess (2012) . 621 Slices were placed on Millicell membrane inserts (Merck) and incubated for 6-12 h at 37 • C, 5% CO 2 , 622 before imaging. Slices were briefly examined at a Zeiss Axioobserver microscope with conventional 623 epifluorescence. Healthy slices, with well-defined, strongly fluorescent cells, were chosen for two-624 photon excitation imaging. Slices on their membrane inserts were transferred to -Dish imaging 625 dishes (Ibidi) containing 750 L of prewarmed, fresh culture medium (5 mL Hank's balanced salt so-626 lution, 9 mL DMEM high glucose (Sigma Aldrich), 5 mL horse serum, 200 L Penicillin/Streptomycin 627 for 20 mL of culture medium). Slices were imaged at 32X magnification (C-Achroplan 32x/0.85, 628 Carl Zeiss) with an inverted, two-photon Zeiss LSM 710 NLO microscope, equipped with temper-629 ature and CO 2 control (Pecon). The microscope setup and the 32X water immersion objective 630 were preheated for 8 hours before time-lapse experiments. Images were acquired using 920 631 nm for excitation with a laser power of 5 -10% (Laser: Chameleon UltraII, Coherent PBT. All steps were carried out in 24-well plates. 654 Tissue clearing was carried out as described previously Schwarz et al. (2015) . The procedure was 655 modified for embryonic tissue as described here: After immunostaining, brains were incubated 656 in increasing concentrations (30%, 50%, 70%) of tert-butanol (pH 9.5) for 4 h at RT followed by 657 96% and 100% tert-butanol (pH 9.5) for 4 h at 33 • C. Brains were then incubated overnight in a 658 triethylamine pH-adjusted 1:1 mixture of benzyl alcohol/benzyl benzoate (BABB, pH 9.5) at 33 • C. 3D projection of a transitionary mDA neurons at t = 0 min (360°rotation) followed by MIP frames of the same neuron at subsequent time-points. Migratory spurts only occur in bipolar morphology while cell remains stationary or displays slow migration during multipolar phase.
Movie 3. Morphology as detected by YFP mosaic labelling is similar to morphology detected by TH antibody.
Example SN-mDA neuron from fixed, cleared whole-mount embryonic brain of the same age as used in �me-lapse experiments (E14.5) shows similar morphology with YFP (green) and TH (magenta) immunostaining.
